The electronic structure of the ternary CeTIn (T = Ni, Cu, Pd, Au) compounds was investigated by means of X-ray photoelectron spectroscopy. Our interest was aimed mainly to the valence bands and the Ce3d core levels of investigated compounds. Analysis of the valence bands indicates that they are mainly determined by the Tnd band, whereas a share of the R4f states can be estimated to be about a few percent only. The analysis of the differential valence bands spectra between CeTIn and LaTIn analogues suggests that the Ce4f 1 ground states shift deeper below the Fermi level with an increase in the 4f level occupation factor. The analysis of the Ce3d spectra made on the basis of the Gunnarsson-Schönhammer model indicates the hybridization parameter equal to 148 meV for CeNiIn, 45 meV for CeCuIn, 177 meV for CePdIn, and 123 meV for CeAuIn.
Introduction
A broad spectrum of unusual physical properties of the cerium-based compounds originates mainly from the hybridization of the Ce4f electrons with the conduction band or/and with the d or p states of ligands atoms. It results with a great variety of interesting features as intermediate valence, Kondo behaviour, (475) spin fluctuations, heavy fermions, and quantum critical phenomena. The properties of strongly correlated 4f electron systems can be explained basing on some information about the nature of Ce4f ground state. Within this paper we report systematic studies of intermetallic Ce-based indides.
Ternary Ce-T-X compounds, where T is d-electron element and X is p-electron element, crystallize in a few different stoichiometries. The compounds of 1:2:2 stoichiometry have been a subject of extensive studies [1] , consequently the data concerning these phases reaches about 50% of the all data related to cerium--based compounds. Among 1:2:2 compounds the CeCu 2 Si 2 is especially interesting. The compound exhibits superconductivity below 0.5 K, moreover an extremely large value of the electronic specific heat γ = 1.1 J/(mol K 2 ) suggests that CeCu 2 Si 2 is a heavy fermion system with an effective electron mass of approximately 100m e [2] .
Intermetallic CeTX compounds form an interesting group as well. A short overview on the unusual low temperature properties of CeTX compounds was given by Adroja and Malik [3] and Fujita et al. [4] . These compounds crystallize in different types of the crystal structure. Most of these compounds exhibit hexagonal or orthorhombic crystal structures.
The magnetic studies of 1:1:1 compounds indicate that the majority of them order antiferromagnetically at low temperatures. This is supported by observation of the negative value of the paramagnetic Curie temperature in these compounds. The values of the effective magnetic moments determined from the magnetic susceptibility in the paramagnetic region are close to the free Ce 3+ ion value (2.54µ B ). On the other hand, the values of the cerium magnetic moments in the magnetically ordered state ranging from 0.64µ B for CePtSb [5] up to 1.66µ B for CeCuGe [6] and are lower than the value for free Ce 3+ ion (2.54µ B ). The observed decreases in the values of the Ce magnetic moments are probably due to hybridization between Ce4f electrons (responsible for the localized magnetic moments) and the conduction band or/and d and p states of the T-and X-element, respectively.
The CeTIn compounds crystallize in the hexagonal ZrNiAl-type crystal structure [7, 8] . Within the crystal unit cell atoms occupy the following positions: Ce atoms 3(f) site: x Ce , 0, 0; T atoms 1(a) site: 0, 0, 0 and 2(d) site: 1/3, 2/3, 1/2 and In atoms 3(g) site: x In , 0, 1/2. The ZrNiAl-type structure rises a topological frustration of the Ce4f moments originating from the triangular coordination of Ce atoms. For all these compounds some correlation between magnetic properties and unit cell volume is observed. With an increase in the unit cell volume magnetic properties change from the Pauli paramagnet for CeNiIn to antiferromagnetically ordered CePdIn (T N = 1.8 K) and CeAuIn (T N = 5.7 K). Simultaneously, a decrease in the Kondo temperature from T K = 94 K for CeNiIn [9] to 3.3 K for CePdIn [10] was reported. In contrast to the antiferromagnetically ordered CePdIn, no signs of magnetic ordering were evidenced for heavy-fermion and dense-Kondo CePtIn compound down to 50 mK [11] . CeRhIn was reported to be a mixed-valence system [12] . Electronic properties of the CePd x Rh 1−x In (0 ≤ x ≤ 1) solid solution were reported by Brück et al. [13] . Magnetic properties are continuously changing with x from unstable 4f moments for CeRhIn to localized 4f moments in CePdIn. The electronic specific heat coefficient γ increases from 40 mJ/(mol K 2 ) for x = 0 by 78 mJ/(mol K 2 ) (x = 0.2), 280 mJ/(mol K 2 ) (x = 0.4), 700 mJ/(mol K 2 ) (x = 0.6) to 123 mJ/(mol K 2 ) for x = 1.0. Similarly to CeNiIn compound, CeCuIn one remains paramagnetic down to 1.7 K [14] .
The photoemission spectroscopy (PES) is considered to be the most successful way to study the nature of the Ce4f states [15] . The main aim of our investigations was to find correlations between crystal structure, electronic structure, and magnetic properties of investigated compounds. In principle, information about hybridization of the 4f levels in Ce should be accessible from direct measurements of the 4f level in photoemission spectra of the valence band (VB). In practice, the small cross-section of 4f states comparing to the d ones makes any analyses very hard when using classical photoemission. More reliable information about the 4f states can be achieved using resonant photoemission. Also the Ce3d core-level photoemission lines have been widely used to diagnose hybridization strength of the 4f levels in Ce-based systems [15] .
In this work, we present the data concerning the electronic structure of CeTIn (T = Ni, Cu, Pd, Au) compounds and its correlation with magnetic properties of these compounds. The influence of the hybridization is discussed as well.
Experimental details
Polycrystalline samples of CeTIn (T = Ni, Cu, Pd, Au) compounds were obtained by arc melting of stoichiometric amounts of the elements (Merck AG: Ce of 99.9% purity, Ni, Cu, Pd, Au, and In of 99.99% purity) under a high-purity argon atmosphere on a water-cooled copper hearth, using a titanium-zirconium alloy as a getter. In order to ensure good homogeneity the buttons were turned over and remelted several times. The final weight losses were lower than 0.1%. Subsequently the samples were annealed in evacuated quartz tubes at 800
• C for one week. The quality of the products was checked by X-ray powder diffraction using Philips PE-3710 apparatus (Cu K α radiation) at the room temperature. All of the reflections were indexed within the hexagonal structure of ZrNiAl-type. For processing the collected data Rietveld-type program Fullprof was used [16] . The determined structural parameters for CeTIn compounds are collected in Table I .
The X-ray photoelectron spectra (XPS) were obtained at room temperature using the SPECS LHS 10+ photoelectron spectrometer with the Mg K α (hν = 1253.6 eV) and Al K α (hν = 1486.6 eV) radiation sources. The overall resolution is 0.75 eV. Binding energies were referred to the Fermi level (E F = 0). The spectrometer was calibrated using the Cu2p 3/2 (932.5 eV), Ag3d 5/2 (368.1 eV) and Au4f 7/2 (84.0 eV) core-level photoemission spectra. Surfaces of the samples were mechanically cleaned by scraping with a diamond file in a preparation chamber under high vacuum conditions (10 −9 mbar), then the samples were immediately moved into the analysis chamber. This procedure was repeated until the C1s and O1s surface impurities core-level peaks were negligibly small. The Shirley method was used to subtract background, the experimental spectra prepared in this manner were numerically fitted using the 80% Gaussian and 20% Lorentzian peak-shape [17] . Figure 1 shows the XPS spectrum of CeCuIn collected in a wide 0-1000 eV binding energy range. The binding energies are related to the Fermi level (E F = 0 eV). In general, the most important data are obtained from three regions: VB (binding energy 0-10 eV), Ce4d states (100-120 eV) and Ce3d (880-930 eV). At about 110 eV the broad peak of Ce4d states can be noticed. Unfortunately, in all investigated compounds a structure of this peak is disturbed by In4s states, making a deeper analysis impossible.
Electronic structure of CeTIn compounds
Information about 4f hybridization may be derived from the analysis of Ce3d core-level doublet (see Fig. 2b ). For strongly hybridized systems, a splitting of the each Ce3d component into three components arising essentially from the 3d 9 4f 0 , 3d 9 4f 1 , and 3d 9 4f 2 states is expected [15] . The analysis of these components was based on the Doniach-Šunjić theory [19] . Within this approach an intensity ratio r 1 
is the integral intensity of relevant component as marked in Fig. 2b ). There is a relation between intensity ratio r 1 and GunnarssonSchönhammer parameter [15] . This relation enables calculation of the coupling parameter basing on the experimental Ce3d spectra deconvolution. The parame-ter is defined as πV 2 cf ρ max , where ρ max is the maximum of the density of conduction states and V cf is the hybridization matrix element. On the other hand, the intensity ratio r 2 
] provides an estimation of the occupation of the Ce4f shell. This relation is given as: n XPS = 1 − r 2 [15] . The appearance of the f 0 contribution is a clear evidence of a mixed valence state. In our samples such anomaly can be noticed in the case of CeNiIn sample, consequently the occupation of the Ce4f shell is relatively low. All values calculated basing on Ce3d spectra (∆ and n XPS ) for investigated CeTIn compounds are listed in Table II . In Table II the available data for other CeTX compounds are summarized as well. Within the frames of Harrison-Straub (HS) model a hybridization between rare earth 4f and transition metal d states can be estimated [20, 21] . This theory enables calculation of hybridization matrix element V df as a function of interatomic distances as well as respective shell mean radii
Com-
where m e -electron mass, r -mean radius of considered shell, d -interatomic distance, l -angular momentum quantum number, m -symmetry of bond (m = 0 for σ; m = 1 for π, m = 2 for δ; and m = 3 for φ). Parameter η ll m is a complex function of angular momentum quantum numbers as well as symmetries of bonds [22] :
When taking into account f −d hybridization and m = 0 only, it is possible to derive V df parameters for investigated compounds. This approach is not strictly quantitive, however a general trend for isostructural compounds can be deduced. The appropriate radii of considered shells were taken after Ref. [20] . The interatomic distances were calculated according to the X-ray diffraction data at the room temperature. The results are collected in Table III.   TABLE III Harrison-Straub model parameters (d 4f −nd -Ce-T shortest distance, r nd -nd shell radius, r 4f -Ce4f shell radius) and energetic separation between Ce4f states and Tnd ones for CeTIn compounds. Within this approach a variation of energetic separation between hybridizing levels is not taken into account. In order to make some deeper conclusions an energetic separation between hybridizing levels should be considered as well. In order to estimate roughly the Ce4f contribution to the VB, a difference between appropriate CeTIn and LaTIn (empty 4f shell) compounds was taken. All spectra were normalized with respect to the In4d doublet, the background was extracted as well. All spectra were collected under the same conditions: step, time, pressure, pass energy, etc. The results are presented in Fig. 3 . The maximum of the Ce4f contribution is located at 1.9 eV for T = Ni; 2.0 eV for T = Cu; 2.2 eV for T = Pd; and 2.6 eV for T = Au. According to resonant photoemission data reported for other intermetallic cerium-based compounds this maximum at about ≈ 2 eV can be attributed to f 0 final states [23] . The f 0 final states originate mainly due to photoemission of an electron from f 1 initial states. These initial states are responsible for Ce 3+ configuration, which may exhibit magnetic ordering. Now, it is possible to estimate the energetic separation between Ce4f states and Tnd ones for all investigated compounds. Such comparison is given in Table III .
Discussion
The results of the XPS data presented in this work indicate:
• The existence of the mixed valence state in majority of these compounds.
This result is in good agreement with the X-ray absorption data which for CeAuIn give the valence of cerium 3.03 [24] . As well, this is in good correlation with the macroscopic data (temperature dependence of the magnetic susceptibility, electrical resistivity).
• The ∆ parameter is small (near 50 meV) for CeCuIn, CeCuAl, CeNiSb, and CePdSb or higher above 100 meV for the others. It is difficult to discover the apparent correlation between this parameter and other physical properties, however one may find intriguing that for low values of ∆ only ferromagnetic behaviour is observed,
• Essential factors which determine the magnetic properties are f −d hybridization and relative position of Ce4f states (≈ 2 eV below the Fermi level) with respect to the Tnd states.
The energetic separation between Ce4f and Tnd states as well as hybridization strength seems to be crucial for establishing magnetic ordering in cerium-based compounds. For compounds such as CeNiIn or CeRhIn this effect is large, consequently no localized magnetic moment on Ce atoms was observed. Moreover, for CeNiIn a high Kondo temperature (≈ 94 K) was reported [9] . On the other hand, this effect is much lower in CeNiSb (the ∆ does not exceed 50 meV and Kondo temperature is about 15 K). Consequently, this compound orders ferromagnetically [25] . Also the interatomic distances influence the magnetic properties of these compounds. According to Eq. (1) the hybridization matrix elements are lowering when the distances between hybridizing shells are rising. In Fig. 4 the Kondo and Néel temperatures, the electronic coefficient of the specific heat for CeTIn and In general, the higher unit cell volume becomes, the lower Kondo temperature and the higher ordering temperature are observed. This is an interesting observation that a sharp increase in the coefficient occurs in the region of a change from Kondo to magnetic ordering regime.
The above-mentioned properties can be qualitatively explained according to the Doniach phase diagram [26] . Within this model the Kondo temperature T K exhibits exponential dependence on the exchange constant J cf between the 4f and conduction electrons. On the other hand, characteristic temperature T RKKY of the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction is proportional to J 2 cf . Consequently, at lower J cf values RKKY interactions are dominant. When J cf rises, a crossover between RKKY magnetic metal and non-magnetic Kondo regime is observed. Such behaviour is observed in CePdIn compound, where both interactions are present (see Table II ). The non-magnetic Kondo regime holds for high values of J cf (eg. CeNiIn). In limit of large Coulomb repulsion
where V cf is the mixing parameter between the 4f and conduction electrons, E F is the Fermi energy and E 4f stands for the 4f level energy.
A deeper discussion can be performed for CeTIn compounds when the transition metal elements are from the same column of the periodic table (T = Ni, Pd, Pt). In this series the density of states at the Fermi level ρ(E F ) decreases because the Tnd states shift below the Fermi level. In these systems the nearest-neighbour distance d Ce−T between the cerium and T atoms increases in the following manner: d Ce−Ni (CeNiIn) < d Ce−Pt (CePtIn) < d Ce−Pd (CePdIn). This suggests that the values of J cf (CeNiIn) > J cf (CePtIn) > J cf (CePdIn) which is in agreement with the proposed Doniach diagram for these compounds [3] .
The influence of the hybridization of Ce4f electrons with nd electrons of the T element is also observed in binary cerium compounds. For example CePd is ferromagnet with T C = 6.5 K, whereas CeNi and CeRh are mixed valence system [27] .
Recently it has been shown that hydrogenating of ternary compounds (e.g. CePdIn, CeNiIn) leads to suppressing the Kondo interaction due to expansion of the crystal unit cell volume [37, 38] . The CeNiInH 1.8 compound exhibits magnetic ordering with T C = 6.8 K [37] . Hydrogenating of magnetic Kondo compounds (e.g. CePdIn) leads to an increase in the ordering temperature, thus one may conclude that the Kondo interaction are lowered as in the case of CeNiIn as well [37] . A similar behaviour was reported in the case of hydrogenated CeRhIn compound, where the expansion of the unit cell turns the compound from mixed valence into stable trivalent regime [39] . The above observations are in agreement with the Harrison-Straub model (see Eq. (1)) where the hybridization matrix elements vanish strongly with a rise of the interatomic distances.
